Despite originating only a little more than a decade ago, click chemistry has become one of the most powerful paradigms in materials science, synthesis, and modifi cation. By developing and implementing simple, robust chemistries that do not require diffi cult separations or harsh conditions, the ability to form, modify, and control the structure of materials on various length scales has become more broadly available to those in the materials science community. As such, click chemistry has seen broad implementation in polymer functionalization, surface modifi cation, block copolymer and dendrimer synthesis, biomaterials fabrication, biofunctionalization, and in many other areas of materials science. Here, the basic reactions, approaches, and applications of click chemistry in materials science are highlighted, and a brief look is taken into the future enabling developments in this fi eld.
Introduction
The marriage between click chemistry and materials science is one that had been destined to occur for many years. Perhaps more than in any other fi eld, the goal of materials scientists, engineers, and manufacturers has been to achieve performance and a set of desired characteristics in the fi nal material and/or device in as simple and effective a manner as possible. These performance targets include specifi cations on mechanical and physical behavior, such as toughness, modulus, glass transition temperature, refractive index, and clarity, as well as chemical attributes such as solvent (in)compatibility, surface energy, chemical functionality, and biocompatibility. Process considerations such as the raw materials, process safety, solvent, and environmental considerations are also of great importance. This focus on material properties and performance aligns well with the goals espoused by Sharpless and coworkers when they fi rst introduced the "click" chemistry paradigm, wherein they argued that the focus of chemical process selection should be directed towards the identifi cation, optimization, and simplification of an overall process. [ 1 ] Thus, this process identifi cation includes the selection of initial target molecules, starting materials, and the reactions used to synthesize them, ultimately leading to the straightforward generation of a compound with the desired properties via a simple, robust process.
The click chemistry philosophy was fi rst introduced in part as a response to the intense and ongoing research focus on the development of methods for the synthesis of ever more complex natural products. [ 1 ] This chemistry development has historically focused on the creation of stereospecifi c carbon-carbon bonds and typically requires an array of protecting group strategies, sequential reactions, and various purifi cation techniques. One main criticism advanced by Sharpless and co-workers is that conventional approaches to the natural products synthesis are too heavily invested in structure and that a great deal of discovery can be done by utilizing only 'a few good reactions'. "These reactions, now denoted as 'click' reactions, encompass a utilitarian framework and are defi ned by their common attributes of being modular and orthogonal as well as proceeding under simple and mild reaction conditions while affording high yields of a single product with facile purifi cation." As a consequence of the simplicity of click reactions, synthesis and chemical modifi cation has become far more accessible to a wide community of researchers, particularly in the materials arena, who previously would not have considered venturing into organic chemistry. In fact, a recent highlight identifi ed specifi c criteria for the categorization of reactions in polymer chemistry as click reactions that can serve as a guidepost in this area. [ 2 ] Moreover, owing to the modular nature of the chemistry, it provides a simple framework for the rapid discovery of new functional materials.
The original click chemistry paper, presented by Kolb, Finn, and Sharpless, described a handful of "spring-loaded" reactions that meet the click-chemistry standard. These chemistries often involve heteroatom linkages (i.e., C-X-C) and a signifi cant thermodynamic driving force (typically >20 kcal/mol). While identifying several reactions that meet these criteria, most importantly, their paper provides a framework through which to identify click reactions and processes. For example, the celebrated copper-catalyzed azide-alkyne click reaction was obviously not included, as it had not been published until a year later in 2002. [ 3, 4 ] Furthermore, although the radical-mediated
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thiol-ene reaction was also not included in the seminal click paper, under a wide range of conditions, it clearly exhibits all of the characteristics described by Sharpless and co-workers and has become ubiquitous in materials science applications.
The thiol-ene reaction also demonstrates one of the limitations of the click reaction paradigm as well. In fact, each of the reactions described in the remainder of this manuscript has been oft-cited as a click reaction, and each exhibits the click characteristics over a wide range of conditions and for a wide range of reaction/coupling types ranging from polymer conjugation to surface modifi cation to polymerization to polymer functionalization and many others. That said, prudent selection of reaction conditions, catalyst levels and reactive substrates remains critical even with these broadly useful, robust, nearly ideal reactions. For example, in implementing the thiol-ene reaction, one must be careful to eliminate other substratecatalyst combinations that cause non-orthogonality, [ 5, 6 ] and one must also assure that the initiator and oxygen concentrations are below the level of tolerable side reactions. [ 7, 8 ] In subsequent sections, we will highlight common click reactions and strategies for incorporating click targets into materials. We will also demonstrate how just a handful of effi cient reactions enables a paradigm shift in materials development. As will be apparent throughout this article, the click philosophy wholly coincides with the goal of creating customizable material structures, behavior and performance. This manuscript is meant to highlight the reaction characteristics that make a reaction appropriate as a click reaction, identify the most useful reactions for materials science that have been characterized as click reactions, and discuss representative examples of the implementation of these reactions in various materials science applications. With more than 1500 papers published in click chemistry that are relevant to materials or polymer science just between 2010 and 2012, it is impossible to review each paper in the fi eld thoroughly though we hope to highlight the most common reactions, their mechanisms, and representative examples of their implementation in materials science.
Click Chemistries
In the next sections, we review several of the reactions most frequently identifi ed and implemented as click reactions in materials science, addressing briefl y their history, mechanism, and relative advantages and disadvantages. Azide-alkyne cycloaddition, thiol-click reaction, Diels-Alder reaction, nitrile oxide cycloaddition, tetrazole cycloaddition, and oxime formation (see Figure 1 ) are selected here as representatives because of their fast reaction kinetics and wide utility in applications. While these are but a fraction of the total number of reactions that fall within the click philosophy, each of our selected reactions has recently been implemented and is particularly versatile in the context of material synthesis and functionalization. [ 2 ] 
Azide-Alkyne Cycloaddition
Since its inception in 2001, [ 1 ] a diverse array of click reaction mechanisms has been employed in materials science. Sharpless et al. [ 1 ] azide and an alkyne to afford a 1,2,3-triazole [ 9 ] to be the archetypal exemplar of the click chemistry philosophy. However, this reaction yields both the 1,4-and 1,5-regioisomer addition
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the reaction rate on the alkyne and azide concentration have enabled it to be broadly used in coupling of even very dilute functional groups.
Although Cu(I) may be obtained directly from the utilization of Cu(I) salts and coordination complexes, [ 11, 12 ] the thermodynamically unstable Cu(I) either disproportionates to Cu(II) and Cu(0) or is often oxidized to Cu(II). Moreover, when Cu(I) halides are employed as azide-alkyne cycloaddition catalysts in organic solvents, signifi cant amounts of undesired side-products are generated. [ 13 ] Consequently, the Cu(I) species necessary for the CuAAC reaction is often generated in situ either by employing Cu(II) in conjunction with a reducing agent such as ascorbate, [ 3 ] or via the comproportionation of Cu(II) and Cu(0). [ 3 ] Additionally, 1,2,3-triazoles and other compounds have been employed as stabilizing ligands for Cu(I), inhibiting the oxidation and disproportionation of the ion while retaining its catalytic activity. [ 14 ] products and, despite its high heat of reaction, is typically sluggish even at elevated temperatures owing to its high activation energy. [ 10 ] In 2002, copper(I) catalysis of the 1,3-dipolar azidealkyne cycloaddition (i.e., CuAAC) between an azide and a terminal alkyne at reaction rates suffi cient to enable selective ambient temperature synthesis of the 1,4-regioisomer ( Figure 1 , entry 1) was described independently by Sharpless et al. [ 3 ] and Meldal et al. [ 4 ] The publication of these two papers occasioned the explosive growth of click chemistry as a valuable concept in materials science, and the CuAAC reaction became the prevalent click reaction in the literature, often being referred to as the "click" reaction. The use of this term to refer to the CuAAC reaction owes both to the timing of the discovery of the Cu(I) catalysis and to the ubiquitous implementation of this reaction owing to its inherent advantages. The lack of side products and the relative independence of Figure 1 . Overview and classifi cation of 'click' reactions. Numerous reactions and reaction families have been identifi ed as possessing the desired click behavior under a broad range of conditions. Each of these reactions has been applied extensively to small molecules; however, many of the most important implementations of each of these reactions have been in the materials arena including synthesis of new materials as well as modifi cation of polymers, materials, and surfaces.
An alternative catalyst to Cu(I) for azide-alkyne cycloaddition is ruthenium(II). [ 15 ] Interestingly, whereas CuAAC yields the 1,4-regioisomer cycloaddition product between an azide and a terminal alkyne, catalysis by Ru(II) exclusively results in the 1,5-disubstituted 1,2,3-triazole regioisomer ( Figure 1 , entry 2). [ 16 ] Moreover, Ru(II) is able to engage internal alkynes in catalysis and thus provides a route for the synthesis of fully substituted 1,2,3-triazoles. As 1,2,3-triazoles are π-conjugated, Cu(I)-and Ru(II)-catalyzed azide-alkyne cycloadditions have been used to fabricate regioregular polymeric materials with extended π-conjugation of varying chemical and photophysical properties. [ 17, 18 ] Owing to the cytotoxicity associated with Cu(I), several groups have endeavored to minimize the copper concentration while maintaining high reaction rates. [ 19 ] Utilizing ring strain and chemical modifi cation of the alkynyl moieties, suffi cient cycloaddition reaction rates at room temperature are achievable without copper catalysis. [ 20 ] By employing fl uoro-substituted cyclooctynes that combine ring strain and electron-withdrawing fl uorine substituents, Bertozzi et al. were able to effect rapid [3+2] cycloaddition with azides in the absence of a catalyst ( Figure 1 , entry 3 ). [21] [22] [23] Conversely, Boons et al. exclusively utilized strain-promoted cycloaddition with dibenzocyclooctynes; by incorporating sp 2 centers to the cyclooctyne ring ( Figure 1 , entry 3), similar reaction rates to those attainable by difl uorocyclooctynes were achieved. [ 24, 25 ] Moreover, the synthetic accessibility of these aryl-functionalized cyclooctynes makes them particularly attractive for catalyst-free cycloaddition reactions with azides. [ 22, 26 ] Simple electron-defi cient alkynyl groups, such as alkynyl esters, [ 27 ] amides, [ 28 ] and sulfones, [ 29 ] have also been employed to effect catalyst-free azide-alkyne cycloaddition; however, the rapid addition reaction of amines to sulfonyl alkynes [ 30 ] suggests that the reaction orthogonality of these systems may be compromised.
In addition to Cu(I) toxicity, another disadvantage of the CuAAC reaction is the potential diffi culty in handling the azides. Under various conditions, such as UV irradiation for extended periods, certain azide compounds are known to explosively decompose. [ 31 ] The canonical click reaction, the azide-alkyne cycloaddition, has traditionally been recognized as an irreversible reaction where the product 1,2,3-triazole is chemically inert and thermally stable. However, Bielawski and coworkers recently described the ability of mechanical force to break the 1,2,3-triazole functional groups into their constituent precursors. [ 32 ] By subjecting to ultrasound, they demonstrated the mechanochemical transformation of a triazole into its azide and alkyne precursors, indicating that the alkyne-azide 1,3-diploar cycloaddition is a mechanically reversible reaction. Furthermore, they demonstrated both the 1,4-and 1,5-cycloadducts would undergo this ultrasound-induced cycloreversion reaction. [ 32, 33 ] 
Thiol-X Click Reactions
Despite the popularity of the azide-alkyne cycloadditon reaction, click chemistry is not exclusively confi ned to that reaction; indeed, there exists a constellation of thiol reactions that have also been considered to be click reactions and that have been broadly applied in materials science (Figure 1 , entries 4-7). [ 5, 6, 34, 35 ] Among this thiol-X family of reactions, one particularly common thiol-based click reaction is the radical-mediated addition of a thiol to a vinyl (i.e., the thiol-ene reaction) [ 34 ] ( Figure 1 , entry 4) . Upon the introduction of radicals formed either by light or heat, this reaction proceeds via the addition of a thiyl radical to a vinyl, forming a carbon-centered radical which subsequently abstracts a hydrogen from a thiol, thereby generating the thioether product and regenerating a thiyl radical. The ideal reaction mechanism, consisting of alternating addition and hydrogen abstraction reactions, is achieved by employing electron-rich vinyl functionalities (such as vinyl-and allyl-ethers) which do not undergo homopolymerization. [ 36 ] One notable attribute of any reaction classifi able under the click rubric is that it must be tolerant of hydrous and aerobic conditions. Radical-mediated reactions are typically unaffected by water; however, whereas conventional radical-mediated homopolymerizations are often severely inhibited by the presence of oxygen, the ability of a peroxy radical to abstract a hydrogen from a thiol imparts thiol-ene polymerizations with exceptional oxygen inhibition resistance, when performed in relatively concentrated conditions. [37] [38] [39] The radical-mediated thiol-ene reaction is also an excellent example of the importance of reaction conditions in determining under what circumstances a reaction behaves in a manner consistent with the click paradigm. It is obvious that each of the reactions otherwise considered to be click reactions will behave in a non-ideal manner under a variety of conditions. For the case of the thiol-ene reaction, given the nature of the radical-radical termination reaction, which must occur for each radical generated, and the nature of the chain transfer reaction to overcome oxygen inhibition, it is necessary that the initiator concentration (which can be considered an upper limit for the amount of termination side products that may form), oxygen concentration and any other potential sources of chain transfer be limited to concentrations below the level tolerable for side reactions under the desired circumstances. The diffi culties associated with this reaction under certain circumstances have been demonstrated and analyzed. [ 7, 8 ] However, with prudent selection of conditions, this reaction has been demonstrated to be a robust click reaction capable of bulk polymerization, [40] [41] [42] polymer modifi cation, [43] [44] [45] [46] dendrimer synthesis [ 47, 48 ] polymerpolymer conjugation, [49] [50] [51] and many others. As simple guidelines, the initiator concentration should be kept at least one if not two orders of magnitude lower than the functional group concentration (or even react in the absence of an initiator when reacting dilute functional groups), the light intensity should be uniform and not strongly attenuated, any solvents used should not be prone to chain transfer reactions, oxygen should be purged to levels well below the tolerability of side reactions, and the ene should be selected to eliminate homopolymerization reactions. [ 34 ] Recently, the radical-mediated thiol-ene mechanism has been complemented by the thiol-yne mechanism wherein a thiol and alkyne are coreacted in a 2:1 ratio with each alkyne capable of reacting with two thiols in an alternating chain transfer and propagation process that is mechanistically equivalent to the thiol-ene reaction. [52] [53] [54] [55] (Figure 1 , entry 6) The monothiol-yne addition product is a vinyl sulfi de that is FEATURE ARTICLE resents in many ways the greatest strength and weakness of the thiol-X family of click reactions. The strength is that, once obtained, the thiol can be used to react with many substrates that are widely available while the weakness is a potential loss of orthogonality in the reactions. This lack of orthogonality can largely be overcome by careful selection of the reaction order, catalysts, and other conditions as needed to eliminate the undesired reaction pathways.
Diels-Alder Cycloaddition
The Diels-Alder cycloaddition is one of the most powerful and widely used reactions in organic synthesis and has been employed extensively in polymer chemistry applications such as block copolymer synthesis, formation of highly cross-linked networks, and self-healing materials. [62] [63] [64] [65] [66] The Diels-Alder reaction, fi rst described by Otto Diels and Kurt Alder in 1928, [ 67 ] is a [4+2] cycloaddition reaction between a diene and a dienophile to form a cyclohexene adduct ( Figure 1 , entries 8-10). One attractive characteristic of the Diels-Alder reaction that has been exploited in polymer chemistry is its thermal reversibility, which can be utilized in temperature-controlled reversible polymer network formation, particularly in self-healing applications. [ 68 ] However, typical Diels-Alder [4+2] cycloaddition reactions require elevated temperatures, often in excess of 100 °C, for extended times to achieve equilibrium (and often incomplete as dictated by the reversibility) conversion; these conditions for achieving high yields do not readily satisfy the click chemistry criteria and limit the consideration of DielsAlder reactions of many reactants as click reactions.
An alternative approach to Diels-Alder click chemistry is the inverse electron demand Diels-Alder (IVED-DA) reaction between a tetrazine and a strained alkene or alkyne ( Figure 1 , entry 10). [ 69 ] This reaction initially proceeds via a [4+2] cycloaddition, upon which the release of N 2 by a retro-[4+2] reaction yields a stable dihydropyridazine or pyridazine. This reaction, fi rst reported and described as an bioorthogonal reaction by Fox et al. in 2008, [ 70 ] proceeds rapidly even at extremely low concentrations.
Tetrazole Cycloaddition & Nitrile Oxide Cycloaddition
In addition to the [4+2] cycloaddition, the 1,3-dipolar cycloaddition is another popular cycloaddition reaction ( Figure 1 , entries 11 and 12). One successful example is the photo-triggered 1,3-dipolar addition between 2,5-diaryl tetrazoles and alkenes. Upon irradiation, a 2,5-diaryltetrazole releases N 2 to afford a nitrile-imine which can subsequently participate in a 1,3-cycloadditon with an alkene. In 2008, Lin et al. utilized this photoactivated, tetrazolebased 1,3-dipolar cycloaddition for protein labeling by reacting a tetrazole-functionalized protein with acrylamide within few minutes of UV irradiation, demonstrating the bio-orthogonality, efficiency, and speed of this reaction. [ 71 ] Another example of click-like 1,3-dipolar cycloaddition reactions is the reaction of a nitrile oxide with an activated alkene or alkyne. Carell et al. used nitrile oxides as strong electrophiles and norbornenes as strained alkenes in DNA modifi cation, and obtained rapid and complete reaction conversion at ambient temperature. [ 72 ] It should be noted that the generally at least as reactive to thiyl radical addition as the initial alkyne; however, for certain alkyne structures such as cyclooctynes, no second thiol addition occurs. [ 53 ] As indicated, this idealized thiol-yne mechanism parallels that of the thiolene mechanism. Thus, after complete reaction, each alkyne functional group has combined with two thiols to generate a dithioether, thus establishing the alkyne as a difunctional group in thiol-yne reactions and resulting in increased network connectivities afforded by thiol-yne polymerizations when compared with thiol-ene polymerizations. The thiol-ene reaction is rapid, readily proceeds at ambient conditions, and can be photoinitiated, making it a highly versatile click reaction. Unfortunately, the radical-mediated thiol-ene reactions can give rise to signifi cant bimolecular termination products that may limit its utility for end-group coupling between macromolecules when the endgroups are dilute. [ 8 ] In particular, the relative amount of radical initiator to thiol and ene functional groups should be minimized to limit the radical-radical coupling reactions that generally result in undesired side products. Further, internal vinyl groups have generally been found to react more sluggishly and do not readily achieve the yields commonly attributed to click reactions.
Thiol-vinyl addition click reactions are not exclusively limited to a radical mechanism. Click reactions necessarily proceed as co-reactions where each of the reactants are consumed at equimolar consumption rates. Thus, whereas the radical-mediated copolymerization of thiols and electronpoor vinyls is not considered a click reaction owing to the homopolymerization of the vinyl functionality, both the base and nucleophile-mediated Michael addition between thiols and electron-poor vinyl groups such as acrylates, maleimides, and vinyl sulfones can be readily categorized as click reactions ( Figure 1 , entry 5) . [ 34 ] The nucleophile-mediated thiol-Michael addition proceeds via a completely different pathway from traditional base-catalyzed thiol-Michael addition. [56] [57] [58] In the nucleophile-mediated mechanism, the nucleophilic addition towards an electron-defi cient vinyl group initially generates a carbon-centered anion which acts as a strong base and deprotonates a thiol to generate a thiolate anion, thus initiating the thiol-Michael addition catalytic cycle. The thiol-Michael addition reaction is readily catalyzed by small amounts of bases or even ppm levels of appropriate alkyl phosphine nucleophiles and is not subject to the same concerns of termination-induced side products that arise for the radical-mediated thiol-ene reaction.
Additional thiol-based addition chemistries that have been described as conforming to the criteria for click classifi cation include simple nucleophilic attack of a thiol to a halide, such as the 'thio-bromo' substitution [ 59 ] and the 'thiol-para -fl uorine' substitution (i.e., the attack of a thiol to a perfl uorinated phenyl group at the para position). [ 60 ] An organic base is typically employed with these reactions such that, upon reaction with the hydrogen halide by-product, an insoluble hydrohalide salt is generated, driving the reaction to completion. Thiol-isocyanate additions have also been classifi ed as thiol-click reactions owing to their high yields and moderate reaction conditions to form thio-urea products (Figure 1 , entry 7) . [ 61 ] This classical reaction has been widely utilized in polymer chemistry for decades. The breadth of reactions that are possible for the thiol moiety rep-yne structure, the catalyst and other reaction conditions. However, even under circumstances such as this one, the selection of appropriate reaction order and conditions enables the successful employment of multiple click reactions. For example, the SPAAC reaction has substrate-selectivity for alkynes, [ 77, 78 ] while the thiol-yne reaction does not. Here, the combination of these two reactions requires that the SPAAC be implemented fi rst followed by the radical thiol-yne reaction.
As a broad, general guideline to aid in the selection of possible orthogonal reaction pairs, Figure 2 presents an attempt at identifying the pairs of click reactions which are orthogonal for purposes of sequential, controllable initiation in a single reaction vessel and those that are not, including references to identify specifi c enabling conditions and examples for performing the orthogonal reactions in the order indicated, where such examples exist. Cells that are light gray indicate that the sequential reactions, in the specifi ed order are broadly feasible without high reactivity of nitrile oxide species might result in reaction with many nucleophile types, such as thiols and amines, resulting in a corresponding loss of selectivity and orthogonality for this reaction in many applications. [ 73 ] 
Oxime/Hydrazone Formation
The condensation reaction between aldehydes/ketones and nucleophilic amines is a classic reaction in carbonyl chemistry, where the resulting imine bond is reversible, a property that is strongly dependent on the structure of the amine and the carbonyl. In general, aldehydes are more reactive than ketones, mainly due to steric effects. Moreover, the amine structure can be optimized by the α-effect, as is observed in modifi ed amines such as hydroxylamine and hydrazide compounds, which afford oxime and hydrazone adducts, respectively, upon condensation with a carbonyl ( Figure  1 , entries 13 and 14) . [ 74, 75 ] The oxime/hydrazone formation reaction is chemoselective and compatible with other functional groups in biomolecules, and the rate of this reaction can be enhanced by protic or nucleophilic (e.g., aniline) catalysts. Maynard et al. utilized this reaction to conjugate N -levulinyl lysine-modifi ed bovine serum albumin to aminooxy-terminated synthetic polymers within 30 min. [ 76 ] The oxime/hydrazone formation provides a mild and rapid approach for bioconjugate preparation; however, the potential instability of this linkage should be taken into consideration.
Click Reaction Orthogonality: Sequential and Simultaneous Reactions
Since click reactions have been developed and applied across many fi elds, the implementation, either simultaneously or sequentially of a combination of two or more click reactions, is a critical issue. While click reactions are generally purported to be orthogonal to other reactions, the extent of the orthogonality depends greatly on the nature of the substrate; the reaction conditions including reactants, catalysts, and other species; and the possible other reactions. If two reactions are completely orthogonal, such as the CuAAC and oxime formation reactions, they proceed simultaneously without any interference under a broad range of conditions. The number of pairs of these ideally orthogonal reactions is limited, however. The most obvious limitation is that there are common substrates for many of these reactions, e.g., the yne functional group that is capable of proceeding via the CuAAC reaction, the radical-mediated thiol-yne reaction and via thiol-yne Michael addition, all depending on the specifi c Figure 1 for the various click reactions. References cited are meant to provide examples of substrates and conditions for performing these specifi c combinations of click reactions. [ 64, 70, 75, 78, Notes: A. If the Cu(I) or Ru(II) catalyst remains from the fi rst reaction, it will catalyze the second reaction upon generation or addition of the second reaction species. B. The remaining base from the fi rst reaction also will catalyze the second reaction if not removed. C. The product of the fi rst Diels-Alder reaction can also participate as a dienophile in the second Diels-Alder reaction. molecular weight, molecular weight distribution, architecture, and properties of the generated polymers. Three commonly used controlled radical polymerization reactions are, nitroxide-mediated radical polymerization (NMP), [ 112 ] atom transfer radical polymerization (ATRP), [ 113, 114 ] and reversible addition fragmentation chain transfer polymerization (RAFT). [ 115 ] These techniques greatly change the strategy of polymer preparation and enable facile synthesis of welldefi ned polymers with diverse structures and functions. Although the development of controlled, living radical polymerizations and click chemistries have proceeded along parallel trajectories, the past several years have seen intriguing convergences between these powerful synthetic techniques in materials chemistry, enabling the facile creation of otherwise synthetically intractable polymeric molecular architectures. [116] [117] [118] [119] [120] [121] One way to introduce click reactions into ATRP-and RAFTgenerated polymers is via the incorporation of click reactants as pendant groups affi xed to the polymer backbone. The most commonly used approach is the nucleophilic attack by an azide anion to a terminal bromide on polymers prepared by ATRP. [ 122 ] This reaction is typically performed by the terminal bromide on an ATRP-formed polymer with reacting excess sodium azide to ensure quantitative substitution. Alternatively, owing to the orthogonality of azides to the ATRP reaction, azide groups can also be incorporated in monomers as pendant groups prior to polymerization. Matyjaszewski and coworkers were the fi rst to demonstrate sequential ATRP and CuAAC click reactions using this approach. [ 122 ] By employing 3-azidopropyl methacrylate as a monomer in an ATRP reaction, they obtained polymers with both low polydispersity and pendant azide functionalities. Subsequently, this azide-bearing polymer was coupled with alkyne-terminated molecules via a CuAAC click reaction.
Cyclopentadiene, a highly reactive diene, moieties can be similarly incorporated into an ATRP-generated polymer using sodium cyclopentadiene (NaCp) via simple nucleophilic substitution, as was demonstrated by the functionalization of poly(ethylene glycol) and poly(styrene). [ 123 ] However, the strong basicity of NaCp precludes its application in the preparation of ester-functional polymers such as poly(acrylates) and poly(methacrylates). [ 124 ] To overcome this limitation, Inglis et al. developed a methodology utilizing nickelocene (NiCp 2 ) to effi ciently convert terminal bromides into Cp functional groups, [ 125 ] which were subsequently employed as Diels-Alder reactants whose reaction proceeded rapidly and to completion in a few minutes, even at ambient temperature.
The utilization of end groups on polymers generated via RAFT polymerization has also been employed to facilitate subsequent click reactions. For example, the base-catalyzed hydrolysis of terminal dithioester groups has been employed to readily form terminal thiols, which can subsequently be utilized as click reactants following RAFT polymerizations. [ 44 ] In 2006, Quemener et al. fi rst described the utilization of a dithioester as a dienophile, in conjunction with cyclopentadiene as diene, in a Diels-Alder cycloaddition reaction. [ 126 ] Thus, the highly electron-withdrawing dithioester not only acted as a controlling agent in RAFT polymerization but also could participate directly in Diels-Alder addition as severe limitations on the conditions or substrates and without necessitating additional reaction steps such as functionalization or deprotection in between the two click reactions. Generally, all substrates for these light gray cell combinations of sequential reactions are expected to be able to be present simultaneously at the start of the reaction, and sequential catalyst generation would be used to facilitate the sequential reactions. Cells that are white represent sequential reactions that are possible but can only be performed under a limited range of conditions, including potentially requiring addition of reactants in between the two click reactions. For example, in the thiol-ene (reaction 5)/thiol-yne (reaction 6) combination reaction, if the ene and yne are simultaneously present, both will react in the initial reaction. However, if the radical thiol-ene reaction is performed fi rst with a stoichiometric excess, that stoichiometric excess will persist after the fi rst reaction and can be further reacted in a second step after the desired yne is added into the reaction mixture.
In contrast, dark gray cells represent sequential reactions that are diffi cult to perform in a click manner within a single reaction vessel. For example, in the case of the thiol-Michael (reaction 4)/thiol-isocyanate (reaction 7), the same base catalyst used to initiate the thiol-isocyanate reaction could catalyze the thiolMichael addition reaction in an uncontrolled manner upon subsequent addition of the electron defi cient vinyl necessary for the thiol-Michael reaction. For such a circumstance, neutralization of the base catalyst following the thiol-isocyanate reaction could be used to prevent immediate thiol-Michael addition.
This table was constructed based on the broad mechanisms known for each specifi c reaction and reactants listed in Figure 1 . References are included in numerous cells to indicate examples of the implementation of each of these pairs of sequential click reactions; however, it is obvious that there are a large number of cells without examples of these sequential reactions as well. Clearly, this table attempts to classify these reactions broadly, and in both directions variations are possible depending on the specifi c substrates and conditions. Though limited, there will likely be conditions, time scales, and substrates for which orthogonality is achieved for those pairs of reactions listed as problematic or non-orthogonal. Also, under some circumstances and conditions, pairs of reactions presented as orthogonal may very well behave in a non-ideal manner. Ultimately, this analysis provides initial guidance for performing sequential click reactions as utilized widely in polymer functionalization, block copolymer synthesis, surface modifi cation and dendrimer synthesis but should be implemented with caution due to the sensitivity of each reaction to the specifi c conditions. [79] [80] [81] It is expected that many of the heretofore unexplored combinations of click reactions would be benefi cial in various areas of materials science, and we anticipate their successful development and implementation.
Incorporating Click Targets into Materials

Synthetic Handles for Click Targets in Controlled Radical Polymerization
Controlled radical polymerization chemistry is a powerful tool in polymer synthesis, affording excellent control over the azide-alkyne cycloaddition to modify lipoyl domain of full-length E2p protein with different tags. [ 128 ] 
Photomediated Click Reactions
One intriguing research direction that has emerged with the maturation of click chemistry is that of 'photo-click' chemistry, where the reaction proceeds upon UV or visible light irradiation. [ 129 ] Photochemistry enables unparalleled spatial and temporal control over the reaction, allowing for multi-dimensional patterning via judicious irradiation schemes. Thus, the combination of facile photo-patterning with the reaction specifi city and robustness of click chemistry is particularly powerful. Owing to the ready availability of radical photoinitiators, the radical-mediated thiol-ene and thiol-yne reaction mechanisms are the archetypical photo-click chemistries. Another appropriate photo-click strategy is that of using light to generate clickable reactive function groups. In 2009, Vopik and co-workers fi rst fulfi lled this strategy in click chemistry, they developed a method to generate cyclooctynes through photochemical decarbonylation of cyclopropenones. [ 130 ] The generated cyclooctynes subsequently and rapidly underwent a Cu-free azide-alkyne coupling reaction and were fi nally used as a selective in situ labeling technique in a living organism. In 2012, the same group introduced light-induced hetero-Diels-Alder cycloaddition as a photoclick reaction. [ 131 ] They used photochemical dehydration of 3-hydroxy-2-naphthalenemethanol derivatives to produce orthonaphthoquinone methides ( o NQMs) which is a hetero-diene that undergoes facile cycloaddition with vinyl ethers or enamines to yield photostable cycloadducts. They applied this phototriggered Diels-Alder reaction to form a high-density patterned derivatization of polymer-brush-coated surfaces. Also, this photo-triggered hetero-Diels-Alder reaction is orthogonal to other click reactions, so it allows for parallel or sequential fabrication of surfaces combing this reaction with other click reactions. Recently, Barner-Kowollik and coworkers also developed a photo-triggered Diels-Alder reaction using photogenerated hydroxyl-o -quinodimethane as the diene through photoisomerization of o -methylphenyl ketone or aldehyde, then reacted with highly active dienophiles such as maleimides to yield a photostable Diels-Alder product. [ 132 ] Photoinitiated click reactions have also been introduced into oxime ligation, enabling it to be used for surface patterning. [ 133 ] Here, the nitrosobenzaldehyde was used as a substrate generated from the photocleavage of o-nitrobenzyl derivatives, then reacted with hydroxylamine to form an oxime bond. Since this reaction was triggered by light, it enabled spatial control of oxime formation, which was confi rmed by specifi c attachment of aminooxy functionalized biomolecules.
Although the above methods for the photo-generation of reactive functional groups that subsequently undergo effi cient click reactions all enable numerous applications such as surface modifi cation and bioactive labeling, it is important to note that an effi cient dienophile after the RAFT polymerization (see Figure 1 , entry 9).
Click Targets on Biopolymers: Oligopeptides, Proteins, and DNA
Since the emergence of chemical biology, increasing attention has been directed towards the utilization of click chemistry in the conjugation and functionalization of biorelated polymers such as proteins, oligo/polysaccharides, and oligonucelotides. Here, various aspects of the click reaction have further elevated importance, including the orthogonality of the reaction and the ease with which the reaction can be performed under biorelevant conditions. Often the conditions for performing biofunctionalization reactions are such that a vast array of other species are present with which the desired reactions must be orthogonal, and toxicity of the reaction mixture, including any necessary catalysts, would prevent implementation. Ultimately, then, these reactions must be highly chemical selective, react rapidly under physiological conditions at low concentration, and be non-toxic (i.e., biocompatible). [ 127 ] Several click reactions, with judicious selection of the specifi c reactants and catalytic conditions, are able to achieve these requirements and are used widely in bioconjugation reactions, e.g., in protein modifi cation ( Figure 3 ). Bioconjugation and biofunctionalization click approaches often take advantage of naturally occurring, highly reactive functional groups that arise in biopolymers. For example, amines and thiols, present in lysine and cysteine, respectively, are used in peptide/protein modifi cation, while a variety of reactions involving alcohols and thiols have been used to functionalize oligo/polysaccharide compounds. Additional clickable functional groups, such as azides and alkynes, have been introduced post-synthetically by chemical modifi cation; however, an exciting and powerful approach to incorporation of clickable units involves genetic encoding and inclusion of non-natural amino acids. These non-natural, clickable functional groups are subsequently used to enable peptide/protein modifi cation. As one example of such an approach, in 2007, Bertozzi and coworkers utilizing ring strain promoted 
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initiator with a click reactant (such as an azide or alkyne), thus avoiding the necessity for post-polymerization modifi cation prior to ligation. One example of this strategy was developed by Haddleton and co-workers, who employed an azide-functionalized initiator for the polymerization of methyl methacrylate via an ATRP reaction. [ 138 ] After polymerization, a terminal alkyne was added to the azide through CuAAC, with quantitative conversion. In 2006, Barner-Kowollik and co-workers employed clickable groups into RAFT initiator structures by synthesizing azide-and alkyne-modifi ed, conventional RAFT agents to mediate the polymerization of styrene and vinyl acetate. [ 126 ] Subsequently, these two clickable homopolymers were coupled together to form narrow polydispersity poly(styrene)-blockpoly(vinyl acetate) copolymers. As azide and alkyne click reactants are inert during ATRP and RAFT polymerization, combining click chemistry with ATRP/RAFT has evolved into a versatile approach to well-defi ned copolymer synthesis. Besides the widely used azide and alkyne functional groups, other clicktype reactants, such as aldehydes and aminooxys, have been utilized for the facile synthesis of complex polymer architectures, such as star copolymers, when combined with living radical polymerization. For example, Lu et al. prepared a macro-RAFT, poly( N -isopropylacrylamine)-based initiator by an 'arm fi rst' approach which was then crosslinked with an aldehydecontaining divinyl compound to form an aldehyde functionalized core, then PEG-terminated aminooxy reacted with aldehyde to produce a miktoarm star copolymer. [ 139 ] One interesting thing is this star copolymer exhibited thermally-induced micellization behavior owing to the reversible low critical solution temperature (LCST) behavior of poly( N -isopropylacrylamine). Compared with linear polymer synthesis, cyclic polymers represent a distinctive materials class which benefi ts greatly from the use of click reactions. [ 140 ] The most common and straightforward synthetic approach to cyclic polymers utilizes a highly efficient reaction to connect two reactive ends into a cycle, making click chemistry an ideal selection for the polymer ring closure and formation. [ 141 ] As one example of this approach, Grayson et al. synthesized a telechelic polystryrene that has an alkyne and azide as the two end groups, with cyclization achieved by CuAAC with nearly quantitative yields. [ 142 ] Although the simplicity and effi ciency of click chemistry has been extensively explored in linear/cyclic block copolymer synthesis, it has also found utility as an effective tool in preparation of materials with complex architectures. Nischang et al. employed radical-mediated thiol-ene click chemistry to functionalize hierarchically structured cubic polyhedral silesquioxanes. [ 143 ] The basic core structure was built through radical initiated polymerization of polydedral vinylsilesquioxane to yield a nanoporous structure containing residual vinyl groups. Subsequently, the thiol-ene reaction was used to functionalize the surface with thiolated PEG or thioglycolic acid, to afford hybrid organic/inorganic nanoporous materials. Cheng and He also introduced thiol-ene click chemistry to form various hybrid structures based on functionalization of polyhedral oligomeric silsesquioxane (POSS) cages, leading to structures such as Janus particles and giant gemini surfactants. [144] [145] [146] [147] The gemini surfactants are amphiphiles which consist of two hydrophilic POSS heads and two hydrophobic polystyrene tails. Additionally, these two polymer chains were covalently connected and these systems, other than the thiol-ene/yne reactions, have, at best, one reaction event occur per absorbed photon. Conversely, a signifi cant amplifi cation ratio results when one photon leads to many reaction events, as is often observed in radical-mediated reactions such as the thiol-ene reaction where hundreds to tens of thousands of thiol-ene coupling events can occur per radical generated (i.e., directly related to the photon absorption). Recently, photo-generation of Cu(I) has been employed for the in situ and spatiotemporally controlled reduction of Cu(II), enabling photo-CuAAC. [134] [135] [136] [137] The mechanism for the reaction confi nement could not be confi rmed; however, it is likely attributable to the association of Cu(I) to the alkyne-functionalized monomer during the course of the CuAAC, the ligandization of the Cu(I) with the triazole product, or the rapid degradation of Cu(I) once it diffuses out of the irradiated area. As the development of photochemical methods and click chemistry proceeds, more attention will likely be focused on improving spatial and temporal reaction control and further will be implemented into photo-controlled materials synthesis and photo-controlled conjugation or release of target molecule to the materials.
Click Reaction Applications in Materials Science
Polymer/Materials Synthesis and Modifi cation
Click chemistry provides a powerful and versatile tool for materials synthesis owing to its simplicity, selectivity, effi ciency, and tolerance of various functional groups. Consequently, a wide range of controlled-architecture materials have been synthesized through various click reactions, including block polymers, micelles, dendrimers, gels, and networks ( Figure 4 ) Many click reactions have also been used as effective tools to modify polymers or materials with a variety of functional components, thereby adding unique properties and functions to the previous materials. As previously mentioned, controlled radical polymerization is a convenient and rapid method for the preparation of polymers with well-defi ned molecular weights and properties which, when combined with click chemistry, not only expands the diversity of protocols for material synthesis but also achieves multi-functionalization of materials simply and effi ciently.
An alternative and elegant strategy to incorporate clickable groups on polymer chains is to functionalize the polymerization tunable properties. The Anseth group has been a notable proponent of utilizing click reactions in hydrogels ( Figure 5 ). By applying click reactions to form a hydrogel and subsequently using light to spatially pattern chemical functionality through photo-click and photo-cleavage reactions, they have demonstrated the ability to pattern physical characteristics in three dimensions throughout this hydrogel. [ 150 ] Initially, they synthesized a hydrogel via a copper-free, strain-promoted azide-alkyne cycloaddition between water soluble tetracyclooctyne-and diazide-functionalized prepolymers. Once the gel was formed, thiolated fl uorophores and a water-soluble photoinitiator was swollen into the gel and a photoinitiated thiol-ene reaction between the thiol and vinyl-modifi ed lysine incorporated in the network backbone was performed. Multi-photon irradiation enabled the creation of three-dimensional biochemical patterns with micrometer-scale resolution. Another characteristic of this hydrogel was the incorporation of a photodegradable group nitrobenzyl ether moiety which was sensitive to UV light. Thus, photocleavage approach created a high level of defi ned shapes with precise control. This combination of multiple, orthogonal photo-click and photocleavage reactions enables fi ne, localized tuning of synthetic hydrogel biological, chemical, and mechanical behavior, as is necessary to generate specifi c microenvironments for three-dimensional culturing of multiple cell lines.
Surface Modifi cation, Patterning, and Lithography
High-throughput microarray technology, an extremely useful tool for effective screening of libraries of biomacromolecules such as proteins and nucleic acids, has developed rapidly. To achieve diverse, chip-based bioassays, an ever-increasing variety of approaches have been developed to fabricate these microarrays. One such approach is photolithography, a technique which is commonly used to form micrometer-scale arrays.
Various methods have been developed to achieve effi cient and rapid surface modifi cation. Click chemistry has proven to be a versatile tool in this fi eld owing to its distinct advantages when compared with traditional coupling methods. Nottlet et al. utilized the CuAAC reaction to modify a biodegradable polylactide (PLA) surface. [ 151 ] After initially performing an anionic polymerization to generate an alkyne-modifi ed surface, azide-terminated small molecules, macromolecules, and biomolecules were affi xed and immobilized on this surface, altering its bioactivity against bacteria ( Figure 6 A) . Recently, Chmielewski et al. reported applying the CuAAC exhibited self-assembly in solution. Their synthesis involved sequential thiol-ene and CuAAC "click" reactions to graft hydrophobic/hydrophilic polymer onto POSS cages to form an amphiphile. [ 148 ] Another impressive example exploiting the click philosophy to synthesize complex, highly branched polymers was described by Hawker and co-workers who used an alternating combination of thiol-ene and CuAAC reactions to synthesize multigeneration dendrimers in a single day. [ 149 ] Here, the fi rst generation dendrimer was prepared by a thiolene reaction to functionalize tris(alloxy)triazine with an azideterminated thiol. The azide groups were then reacted with allyl-functionalized alkynes, ensuring the presence of residual allylic groups for the next thiol-ene reaction. This process was rapidly repeated three times to yield the 6 th -generation dendrimer within a 24 h period.
Click chemistry has also been applied to the formation of polymer networks. Indeed, click reactions are particularly wellsuited for the synthesis and modifi cation of hydrogels to achieve reaction to conjugated DNA onto a solid support. [ 152 ] By modifying oligodeoxynucleotides (ODNs) with alkynyl end groups, attachment of these oligonucleotides to an azide-modifi ed solid support was achieved via a CuAAC click reaction. Subsequently, a hybridization experiment with fl uorescent complementary sequences demonstrated the success of the ODN attachment to the surface and the production of DNA microarrays (Figure 6 B) .
Thiol-ene click reactions comprise another class of powerful tools in imprint and lift-off lithography. In 2008, Hawker and co-workers used thiol-ene chemistry to fabricate tunable PEG-and polysiloxane-based, cross-linked elastomers. [ 42 ] Two years later, the same group developed a versatile approach to fabricate microarrays on a hydrogel using thiol-ene chemistry. [ 153 ] Their general procedure to fabricate the hydrogel is shown in Figure 7 . Initially, molecules of interest were printed Figure 6 . A) Synthesis of a clickable surface of PLA 94. Adapted with permission. [ 152 ] Copyright 2012, Royal Chemical Society. B) Strategy for modifying a DNA sequence on an azide-functionalized glass surface. Adapted with permission. [ 151 ] FEATURE ARTICLE on a surface using a microarray spotter, then a thiol-ene resin was poured over the surface and photopolymerized to form a cross-linked hydrogel which, when lifted off the surface, retained the molecular array. Owing to the orthogonal nature of the thiol-ene reaction, a wide range of molecules could be using in the microarray. This general strategy also allows for other chemistries to produce functionalized microarrays, such as azide-alkyne, NHS-active ester, and hydrazone chemistry. They demonstrated their strategy using cysteine-containing peptides printed on the surface and transferred to the hydrogel as a microarray, then postsynthetic modifi cation was used to give a fl uorescence image using rhodamine-NH 2 as a nucleophile in NHS-active ester chemistry.
Surface chemistry modifi cation has been vastly improved using various photo-click strategies; one common approach uses photoactive substrates as precursors attached to the surface followed by patterned irradiation to generate active species that undergo sequential click reactions. Popik and co-workers utilized UV irradiation to convert cyclopropenone-masked cyclooctynes into cyclooctynes which subsequently reacted with fl uorescent azides through copper free azide-alkyne cycloaddition to yield a patterned surface ( Figure 8 A) . [ 154 ] Recently, the Barner-Kowollik group reported a similar strategy to generate surface patterns using a phototriggered Diels-Alder reaction. [ 132, 155 ] They employed a DielsAlder reaction to form a photoactive phencyclone precursor which releases CO and H 2 upon UV irradiation. The photoproduct triphenyleneimide then undergoes a ring opening reaction with a peptide-based amine group to form a surfacegrafted peptide (Figure 8 B) . [ 156 ] 
Responsive Materials and Self-Assembly
Stimuli-responsive materials are defi ned by their ability to afford chemical or physical changes upon exposure to an external stimulus, including optical, electrical, thermal, mechanical, and chemical stimuli. [ 157 ] Such materials are attracting everincreasing attention owing to their broad applications, such as in drug delivery, biosensors, and optical systems.
Photochromic materials are optically responsive materials with tunable colors owing to their incorporation of photochromic compounds such as spiropyrans which undergo a photoinduced isomerization from a colorless or slightly colored closed form to a highly colored open form. Recently, Tian and co-workers synthesized photochromic, spiropyranbased dendrimers using click chemistry. [ 158 ] They employed both azide-and spiropyran-functionalized monomers, in combination with a multi-alkyne armed core, in a convergent dendrimer synthesis via the CuAAC reaction. These photochromic dendrimers showed better photochromic properties compared with simple spiropyran monomers and exhibited higher sensitivity towards ferric ion recognition. Genzer et al. embedded spiropyrans into silicone elastomer networks using poly(vinylmethylsiloxane) which was further modifi ed with various functional thiols via thiol-ene addition. [ 159 ] The color and modulus of these networks was tunable with UV and visible light exposure to effect the ring opening and closing of the spiropyran. Another interesting color switch example uses thermo-reversible Diels-Alder chemistry. [ 160 ] They utilized a dithioester as a dienophile which is colored and observed alternating and fully reversible color changes when cycling Figure 8 . A) Surface modifi cation and photopatterning using Cu-free azide-alkyne cycloaddition. Adapted with permission. [ 154 ] Copyright 2010, American Chemical Society. B) UV-triggered surface immobilization of an amine-containing peptide. Adapted with permission. [ 156 ] the temperature from 25 °C to 100 °C, indicative of the rapid reversibility of this reaction.
One straightforward and important application of stimuliresponsive materials is in drug delivery. Recently, stimuliresponsive nanoparticles and nanocapusles have attracted signifi cant attention because of their capacity to carry drug molecules and release them into the target cells. Several approaches have been developed to enhance the delivery effi ciency of drug carriers by combining target molecules with suitable carriers such as polymer capsules. [ 161, 162 ] Caruso et al. developed an approach utilizing click chemistry to functionalize nano-sized polymer capsules with antibodies, enabling specifi c targeting of the antibody-conjugated capsules to cancer cells. [ 163 ] The capsules, initially assembled using layer-by-layer deposition with an alkyne-functionalized poly( N -vinylpyrrolidone), were functionalized with PEG-azide-modifi ed antibodies via the CuAAC reaction ( Figure 9 A) . These antibody-functionalized polymer capsules were subsequently incubated with cancer cells and their targeting specifi city were examined using fl uorescence microscopy imaging. The authors found that 90% of cells were associated with modifi ed polymer capsules, demonstrating high binding to cancer cells and the effi cacy of their technique to modify polymer capsules using click chemistry for binding specifi city. Recently, Zhou and coworkers synthesized porous, Cu(II)-based coordination nanocages and similarly functionalized them using the CuAAC reaction with PEG-terminated azide (Figure 9 B) . [ 161 ] This PEG modifi cation made these nanocages into water-stable colloids which were shown to be a carrier of 5-fl uorouracil, a powerful anticancer drug. Interestingly, as Cu(II) is paramagnetic, these PEG-modifi ed nanocages could play not only the role a of drug carrier, but could also can be used as a contrast agent in magnetic resonance imaging.
Guan et al. employed CuAAC ligation to synthesize extended poly(peptide)s from short, α,ω-functionalized peptide monomers incorporating azide and alkyne end groups. [ 164 ] In this study, the authors protected an amide within the short peptide backbone with 2,4-dimethyloxybenzyl (DMB), an acid-labile group. This simple modifi cation prevented aggregation of the poly(peptide) during synthesis; however, upon deprotection, the poly(peptide) self-assembled into well-defi ned β-sheets and formed hierarchical nanofi brils, as confi rmed by transmission electron and atomic force microscopy. This approach was the fi rst example of a synthetic polymer able to fold and self-assemble into β-sheets and demonstrated that click chemistry is a versatile and facile method to synthesize complex and hierarchical nanostructures ( Figure 10 A) . Very recently, the Uljin group prepared a poly(oxazoline)-based copolymer with a phosphatase-sensitive block via the CuAAC reaction. [ 165 ] Poly(oxazoline)s are well-known for exhibiting a lower critical solution temperature (LCST ∼ 39 °C), quite closed to physiological temperatures. Moreover, the incorporation of phosphatasesensitive groups in this polymer affords dual (both thermal and enzymatic) responsive behavior. Prior to the application of any stimulus, this polymer exhibited a weak, self-assembled structure. However, when the temperature was raised above the LCST, random aggregates formed. Upon enzymatic cleavage of the phosphates, the hydrophobicity of Fmoc-tyrosine moieties directed the material to self-assemble into micelles and, at temperatures above the LCST, the micellar structure collapsed. Also they demonstrated this thermal responsive process is reversible and after heating and cooling, the polymer went back to its initial state (Figure 10 B) .
Nanomaterials Modifi cation
Over the past two decades, the fi elds of nanoscience and nanotechnology, wherein the manipulation of matter is performed at atomic or molecular scales to create novel and functional materials, have emerged. Nanoscale materials, such as quantum dots and nanotubes, represent promising candidates for future applications in optics, electronics, magnetics, mechanics and biomedicine owing to their unique structural, mechanical, magnetical and optical behavior. Unfortunately, the application development of nanomaterials is often impeded by their poor solubility, and consequently, a signifi cant amount of research has focused on addressing this problem. One straightforward strategy to enhance the solubility of the nanomaterials Figure 9 . A) Ab azide functionalization with the NHS-PEG2000-Az linker and subsequent capsule functionalization. Adapted with permission. [ 163 ] Copyright 2010, American Chemical Society. B) Nano cage modifi cation using PEG azide. Adapted with permission. [ 161 ] is to covalently graft molecules to their surface. Owing to the common attributes of simplicity and modularity, and the ability to proceed to high conversion under mild reactions conditions, click chemistries have found signifi cant utility in nanomaterial modifi cation.
Carbon nanotubes are a class of nanomaterials that have attracted tremendous attention owing to their unique mechanical, electronic, and optical properties, and appropriate modifi cation and functionalization of these carbon allotropes has become extremely important in applications. From the perspective of their chemical structural, carbon nanotubes are a large π-conjugated system which participates in cycloaddition and radical addition reactions; however, these reactions are often limited by incompatibility with the target molecules, and nanotube modifi cation reactions typically require excess reagents to achieve a comparable yield. Thus, as it has proven necessary to employ more powerful chemistries to overcome these issues associated with carbon nanotube modifi cation, the selectivity and effi ciency of click chemistry makes it ideal for nanotube functionalization.
In 2005, Adronov et al. were the fi rst to use the CuAAC reaction to functionalize single-wall nanotubes (SWNT). [ 166 ] They used p -aminophenyl propargyl ether reacted with SWNTs in the presence of isoamyl nitrite to produce alkyne-functionalized SWNTs. Subsequently, azide-terminated polystyrene, prepared by sequential ATRP and nucleophilic substitution reactions, was affi xed to the SWNTs via CuAAC ( Figure 11 A) . Whereas both the unmodifi ed and alkyne-modifi ed nanotubes were insoluble in THF, chloroform and dichloromethane, the polystyrene-functionalized nanotubes exhibited excellent solubility in each of these solvents. Recently, a one-pot route to graft poly(carboxybetaine acrylamide) to SWNT was developed Figure 10 . A) CuAAC-induced folding and self-assembly. Adapted with permission. [ 164 ] B) Dual-stimuli responsive polymer self-assembly. Adapted with permission. [ 165 ] Copyright 2011, Royal Chemical Society. modifi cation. [ 170 ] Magnetic nanoparticles based on iron oxides are attractive nanoparticles because of their application in biomedicine. Turro et al. reported using a ligand exchange method to graft alkyne-terminated ligands to metal oxide nanoparticles and subsequently utilizing the CuAAC reaction to graft various small molecules and polymers onto the nanoparticle surfaces ( Figure 12 A) . [ 171 ] These surface-functionalized nanoparticles were fully soluble in commonly used organic solvents without any aggregation. Another method for preparing azidemodifi ed nanoparticles was developed by Reiser et al. [ 172 ] Using a single-step approach, they fabricated nanoparticles composed of Fe 3 O 4 encased in a SiO 2 shell using 3-azidopropytriethoxysilane to yield azide-functionalized nanoparticles, and subsequently grafted Cu(II)-azabis(oxazoline) to the magnetite@ silica nanoparticles. These modifi ed nanoparticles were tested as catalysts for the asymmetric benzoylation of hydrobenzoin and were shown to exhibit both excellent catalytic activity and be readily removed by magnetic decantation (Figure 12 B) . Modification of catalytic nanoparticles has been performed using both small molecules and dendrimers. Astruc and coworkers fi rstly introduced dendrimer onto Pd(OAc) 2 through click reaction and 1,2,3-triazole of groups in the dendrimer exhibits great capacity of nanoparticle stabilization and control nanoparticle size. [ 173 ] They also found this clickable dendrimer functionalized nanoparticle showed enhanced catalytic activity compare with other using Diels-Alder cycloaddition. [ 167 ] The polymer functionalized SWNTs were further modifi ed with single strand DNA that could hybridized to a fl uorescently labeled complementary DNA strand. Click chemistry has since been used by an ever-increasing number of groups to effect nanotube modifi cation, and a diverse range of pendant groups have been linked to nanotubes for different applications, such as using CuAAC to conjugate β-cyclodextrin to SWNTs for drug delivery. Fullerenes represent an interesting carbon nanostructure due to their unique structure and physicochemical behavior, [ 168 ] and click chemistry has been repeatedly exploited to functionalize these molecules. In 2008, Cheng et al. used the CuAAC reaction to conjugate fullerene (C60) with various polymer strands. [ 169 ] Firstly, fullerene was transformed to fulleryne using simple modifi cation and esterifi cation, then CuAAC was performed with azide modifi ed polystyrene (Figure 11 B) .
Nanoparticles comprise another important class of nanomaterials and fi nd utility in a broad range of applications, including photonics, catalysis, and biomedicine. Each of these applications originate from the diversity of modifi cations desired for nanoparticles. Consequently, there is a critical need for universal and effective methods for nanoparticle modifi cation. The concept of click chemistry provides practical tools to solve this problem. A large research effort has been focused on using click chemistry to effect different kinds of nanoparticle Figure 11 . A) Synthesis of SWNT-polystyrene composite by reaction of 4-propargyloxyphenyl-SWNT and azide-polystyrene via CuAAC. Reproduced with permission. [ 166 ] Copyright 2005, American Chemical Society. B) Preparation of polystyrene functionalized fullerene through fulleryne and azidepolystyrene via CuAAC. Reproduced with permission. [ 169 ] Copyright 2008, American Chemical Society.
Conclusions and Outlook
Although many click reactions have been developed and applied in materials science, the number of click reactions is still small compared with the enormity of the organic chemistry reaction library and with the need for this reaction paradigm, particularly in the materials area. Ultimately, for broader implementation in materials applications, three distinct directions must be pursued. First, the development of novel approaches to create clickable substrates, whether monomers, polymers, surfaces, or biological molecules will be critical. Given that the click concept seeks to include the entire process, approaches that yield prefunctionalized substrates directly will be of great advantage. Secondly, development of novel click reaction approaches remains a need, potentially including, as with the CuAAC reaction, the reconsideration and optimization of the catalyst and conditions to identify situations under which click-like performance is achieved. Finally, particularly for materials science, it will be critical that techniques are developed to control these click reactions. The demand for custom, on demand materials and material performance suggests that the development of improved methodologies for selectively starting and stopping these reactions will be necessary for their broad implementation in materials. Ultimately, with the development of click chemistry itself, new and more powerful functional materials will be designed, synthesized and fabricated for versatile and diverse applications. The potential of click chemistry within materials science is vast, and it is likely that click chemistry itself will serve as an excellent "catalyst" for continued development and expansion of materials science. Figure 12. A) Functionalizing the surface of iron oxide nanoparticles using CuAAC. Adapted with permission. [ 171 ] Copyright 2006, American Chemical Society. B) Synthesis of azide-functionalized magnetite@silica nanoparticles a single-step protocol followed by TMS-endcapping of the surface silanol groups. Adapted with permission. [ 172 ] 
